The severe acute respiratory syndrome coronavirus enters cells through the activities of a spike protein (S) which has receptor-binding (S1) and membrane fusion (S2) regions. We have characterized four sequential states of a purified recombinant S ectodomain (S-e) comprising S1 and the ectodomain of S2. They are S-e monomers, uncleaved S-e trimers, cleaved S-e trimers, and dissociated S1 monomers and S2 trimer rosettes. Lowered pH induces an irreversible transition from flexible, L-shaped S-e monomers to clove-shaped trimers. Protease cleavage of the trimer occurs at the S1-S2 boundary; an ensuing S1 dissociation leads to a major rearrangement of the trimeric S2 and to formation of rosettes likely to represent clusters of elongated, postfusion trimers of S2 associated through their fusion peptides. The states and transitions of S suggest conformational changes that mediate viral entry into cells.
The severe acute respiratory syndrome (SARS) coronavirus (CoV) is the agent of the SARS epidemics in 2002 to 2003 and 2003 to 2004 (11, 18) . The spike protein, S, forms prominent projections from the SARS CoV envelope. It directs cell entry by binding to its receptor, angiotensin-converting enzyme 2 (ACE2), on the cell surface (15) and by fusing the viral and host membranes (3) . Previous biochemical studies on the S protein from murine hepatitis virus (MHV), the best-studied member of the Coronavirus family, show that it has a large ectodomain (about 1,200 residues), a transmembrane region, and a short intracellular tail (13) . During export to the cell surface, MHV S is cleaved by a cellular protease into two fragments, a receptor-binding fragment (S1) and a fusogen (S2) (25) . The SARS CoV S protein is not cleaved prior to virion assembly, but sequence alignment with MHV S (and other coronavirus S proteins) allows unambiguous definition of S1 and S2 regions (16, 19) . The S2 region, like the S2 fragment of MHV S, contains two heptad repeat segments, HR1 and HR2, which form coiled coils in vitro (2, 30, 31) . Coiled-coil formation is central to the mechanism of class I fusion proteins, which include envelope glycoproteins from influenza virus, human immunodeficiency virus, Ebola virus, and measles virus (23) .
A class I viral fusion protein is expressed as a single-chain precursor. During maturation, the precursor trimerizes and cellular proteases cleave the chains into receptor-binding and membrane fusion fragments (10, 27) . The metastable, cleaved form can be triggered to rearrange; the ensuing conformational transitions catalyze fusion (8, 23) . In the first phase of this transition, a fusion peptide unfolds, projects toward the target cell surface, and inserts into the cellular membrane. During the second phase, the fragment refolds into a trimer of hairpins in which the first heptad region forms a central, threestranded coiled coil and the second heptad repeat forms an outer layer. The fusion peptide, inserted in the cell membrane, and the transmembrane anchor, which traverses the viral envelope, are thus brought together, drawing the two membranes together as well. Depending on the virus, the rearrangement may be triggered by receptor binding, a change in pH, or a combination of the two; it may occur at the cell surface or in the endosome (23) . In the case of SARS CoV, cleavage by cathepsin L, following viral uptake into endosomes, appears to be required for entry (20) .
The S1 region of the SARS CoV S protein contains a discrete domain that interacts with ACE2 (1, 28, 29) . The structure of this domain bound with a truncated ACE2 ectodomain has illustrated in atomic detail the molecular interactions that determine initial viral attachment (14) . How does this view of one step in the entry process relate to the molecular organization of the intact S protein? We show here that the purified, recombinant, SARS CoV S protein ectodomain undergoes a series of conformational transitions, which resemble those of other enveloped virus fusion proteins but with some specific features probably relevant to the pathway of viral entry.
MATERIALS AND METHODS
Protein expression and purification. The full-length ectodomain (residues 12 to 1190) of the SARS CoV S protein (S-e) fused to an N-terminal honeybee melittin signal sequence and a C-terminal histidine tag was expressed in Sf9 insect cells. The vector was constructed with the Bac-to-Bac expression system (Life Technologies Inc.). Insect cell supernatants were harvested 4 days after recombinant baculovirus infection and concentrated by ultrafiltration (Millipore). S-e in the concentrated supernatant was purified to homogeneity by lectin affinity chromatography on concanavalin A Sepharose (Amersham Biosciences) with elution by 0.5 M mannose, followed by metal affinity chromatography on Ni-nitrilotriacetic acid resin (Amersham Biosciences) with elution by 0.5 M imidazole, followed by gel filtration chromatography on Superdex 200 (Amersham Biosciences) in buffer A (10 mM Tris [pH 7.2], 100 mM NaCl).
Preparation of S-e trimer. Purified S-e monomer in buffer A was exposed to a low pH by adding 1/10 volume of 1 M sodium citrate (pH 5.6). After 1 h of incubation at room temperature, trimeric S-e was isolated by gel filtration chromatography on Superdex 200 at 4°C in buffer A. Fractions corresponding to the S-e trimer were identified by the elution volume of the main peak of absorption (280 nm) and concentrated by ultrafiltration.
Proteolysis. S-e trimer (1 mg/ml in buffer A) was incubated with 5 g/ml TPCK (L-1-tosylamide-2-phenylmethyl chloromethyl ketone)-treated trypsin (Worthington Biochemical) for 30 min at room temperature. Digestion was stopped by adding phenylmethylsulfonyl fluoride (PMSF) to 1 mM. The cleaved trimer was separated from trypsin, and the buffer was exchanged by gel filtration chromatography with Superdex 200 in buffer A.
To map trypsin cleavage sites, purified S-e (0.2 mg/ml in buffer A) was incubated with 1 g/ml TPCK-treated trypsin for 30 min at room temperature. Digestion was stopped by adding PMSF to 1 mM. Digestion products were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), electroblotted onto a Sequiblot polyvinylidene difluoride (PVDF) membrane (Bio-Rad), stained with Coomassie blue, excised, and identified by Nterminal sequencing at the Tufts Protein Chemistry Facility (Boston, MA).
Preparation of S2 rosettes. To accelerate rosette formation, 1/5 volume of 5 M urea was added to cleaved S-e trimer in buffer A. The sample was incubated for 2 h at room temperature before analysis by electron microcopy or repurification. Rosettes, whether formed spontaneously from S-e trimers stored at 4°C or induced by urea treatment, were isolated in the void volume after gel filtration chromatography on Superdex 200 in buffer A.
Chemical cross-linking. Purified S-e, 0.2 mM in phosphate-buffered saline, was incubated with 0.01 to 5 mM ethylene glycol-bis(succinimidylsuccinate) (EGS; Pierce). After 30 min of incubation at room temperature, the reactions were quenched by adding 1/10 volume of 1 M Tris-Cl, pH 8.1.
Analytical ultracentrifugation. Protein samples were analyzed in a Beckman XL-A analytical ultracentrifuge with an AN-60 Ti rotor at 4°C at concentrations of 0.25, 0.50, and 0.75 mg/ml in buffer A. The S-e monomer was centrifuged to equilibrium at 10,500 rpm and 13,500 rpm; the S-e trimer was centrifuged to equilibrium at 5,500 rpm. The protein concentration distributions, as measured by A 280 with three replicates, were fitted to a single-species model with the formula A r ϭ A 0,1 exp[HM(x 2 Ϫ x 0 2 )] ϩ E, where A r is the absorbance at radius x; A 0,1 is the absorbance at the reference radius x 0 ; H is a constant to account for the specific volume of the protein, the solvent density, the angular velocity of the rotor, and the temperature; M is the monomer molecular weight; and E is the baseline offset. A 0,1 is constrained to be greater than 0. Protein partial specific volume (0.71 ml/g) and solvent density (1.01 g/ml) were calculated from amino acid composition.
Mass spectrometry. Matrix-assisted laser desorption ionization-time of flight mass spectrometry of the S-e monomer was performed at the Tufts Protein Chemistry Facility (Boston, MA). Mass spectrometry of the EGS-cross-linked S-e trimer was carried out at the Howard Hughes Medical Institute Mass Spectrometry Laboratory at University of California (Berkeley, CA).
Electron microscopy. Protein samples were diluted to 10 to 100 g/ml by dilution with water, adsorbed to glow-discharged carbon grids for 2 min, washed with deionized water, and negatively stained with freshly prepared 0.75% uranyl formate. Images were obtained at magnifications of ϫ15,000 to ϫ39,000 with a CM10 electron microscope (Philips) operated at 100 kV.
RESULTS
We expressed the S-e of SARS CoV in Sf9 cells as a secreted, C-terminally histidine-tagged protein and purified it by affinity and gel filtration chromatography (Fig. 1A , lane a, and B, trace a). Its molecular mass, 157 kDa as determined by mass spectrometry (not shown), is in excellent agreement with the mass calculated from its amino acid sequence, assuming that each of the 23 potential N-glycosylation sites bears a 1-kDa oligosaccharide (the most common, mannose-rich structure found on insect cell expressed proteins). Equilibrium analytical ultracentrifugation shows that at neutral pH, S-e is a homogeneous monomer (Fig. 1C) . Gel filtration chromatography of S-e yields a single homogeneous peak (Fig. 1B , trace a) with a Stokes radius of 43 Å, which corresponds to an axial ratio of 2.1 at a hydration of 0.4 g/g for a 157-kDa protein. Negativestain electron microscopy reveals an elongated molecule, often L shaped as adsorbed to the carbon film, with a contour length of about 160 Å ( Fig. 2A) .
Treatment of the S-e monomer with low concentrations of CONFORMATIONS OF THE SARS CORONAVIRUS SPIKE PROTEINtrypsin yields two fragments with apparent masses of 100 kDa and 70 kDa by SDS-PAGE (Fig. 3A, lane 2) . N-terminal sequencing and mass spectrometry show that the larger and smaller fragments correspond to the S1 and S2 regions, respectively. The site of cleavage aligns precisely with the site that separates S1 and S2 in MHV (Fig. 3B) . The two fragments dissociate from each other; S1 remains soluble, migrating on gel filtration chromatography with a Stokes radius of 39 Å, while S2 forms an aggregate that can be removed by low-speed centrifugation (Fig. 3C) . Exposure of the S-e monomer to a pH of Ͻ6 leads to a shift in its gel filtration elution profile (Fig. 1B, trace b) . The apparent molecular mass is 520 kDa, and the Stokes radius is 71 Å. Analytical ultracentrifugation, chemical cross-linking with EGS, and mass spectrometry show that the protein is now a trimer ( Fig. 1D and E) . The low-pH-induced trimerization is irreversible, as a return to neutral pH does not lead to dissociation, and the trimer appears to be quite stable. Negativestain electron microscopy of the trimer reveals a clove-shaped molecule with three knobs at one end of a slightly tapered rod (Fig. 2B) . The overall length of the trimer is about 160 Å.
Like the monomer, trimeric S-e is cleaved specifically by trypsin at the S1-S2 boundary, as shown by SDS-PAGE and confirmed by N-terminal sequencing (Fig. 3A, lane 7, and B) . Higher concentrations of trypsin lead to further digestion of the S1 fragment, but the S2 fragment is resistant even to a very high level of the protease (1 mg/ml) (Fig. 3A, lane 10) . In contrast, trypsin at a high concentration degrades both fragments of the monomer (Fig. 3, lane 5) . Thus, trimer formation upon transient exposure to a low pH renders S2 selectively protease insensitive, consistent with the structural rearrangement detected by electron microscopy. Most of the trypsincleaved S-e trimers retain the shape of the uncleaved trimer, as shown by electron microscopy (Fig. 2C) , and the gel filtration profile is unaltered (Fig. 1B, trace c) . At high EGS concentrations, the cleaved trimer can be cross-linked to a species with the same mobility on SDS-PAGE as the cross-linked uncleaved trimer (Fig. 1F) . No change in the shape or structure of the trimer is observed even after digestion with 1 mg/ml trypsin (not shown). Soluble ACE2 binds both monomers and trimers of S-e. Electron microscopy of trimers with bound ACE2 shows that the receptor decorates the knobs at the wider end of the clove-shaped assembly (Fig. 4) . We conclude that the knobs contain the receptor-binding domain (RBD) and possibly additional parts of S1.
Further conformational rearrangement can occur after protease cleavage of trimeric S-e if S1 is induced to dissociate. Images of negatively stained, cleaved trimers contain some clove-shaped particles that appear to have a tail at the narrow end, as if the protein is starting to rearrange (Fig. 2C, arrow) . Occasional rosette-like structures, not seen in preparations of the uncleaved trimer, also appear. Incubation of cleaved S-e trimers in 1 M urea at room temperature causes most of the protein to form rosettes (Fig. 2D) . The rosettes contain 3 to 10 rods, each about 250 Å in length, radiating from a common point. Each rod has a dumbbell shape, with globular structures at both ends and a thin bar in the middle (Fig. 2D, inset) . Upon gel filtration, these spontaneously formed rosettes are enriched in the void volume ( Fig. 5A and C) . SDS-PAGE shows that they contain only S2 (Fig. 5B) . Urea treatment of S-e monomers or uncleaved S-e trimers does not lead to rosette formation (not shown).
DISCUSSION
The biochemical properties and conformational states of the purified ectodomains of viral fusion proteins reflect the way these proteins carry out viral entry (23) . We have identified four distinct sequential forms of the SARS coronavirus S-e and in vitro conditions that produce irreversible transitions from one form to the next (summarized in Fig. 6 ). These forms are S-e monomers, uncleaved S-e trimers, cleaved S-e trimers, and a dissociated state with soluble S1 monomers and rosetteforming, extended S2 trimers. Exposure to low pH triggers the 
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in vitro transition from monomer to trimer. Protease cleavage of the trimer does not alter its shape or structure, but the ensuing dissociation of S1 allows rearrangement of trimeric S2
and formation of rosettes. Rosette formation is strictly dependent on the sequence of these transitions. The flexible, secreted S-e monomer is a stable, folded molecule selectively sensitive to low concentrations of trypsin at the position corresponding to the known S1-S2 boundary in MHV. The S-e monomer is elongated and probably flexible in solution, as it yields a variety of images when contrasted in negative stain. The relatively common L-shaped images may reveal a hinge or kink between an S1 end and an S2 end. Consistent with this possibility, trypsin cleavage of monomeric S-e leads to rapid and complete dissociation of S1 from S2.
Exposure of intact S-e monomers to a pH between 5 and 6 (we have not determined a precise threshold) triggers irreversible trimerization, although a low pH does not appear to be required for trimerization of membrane-anchored S on virions (24) . The clove-shaped trimers yield uniform images by negative-stain electron microscopy, indicating that trimerization rigidifies S-e. Monomers and trimers have similar contour lengths. Each of the three knobs at one end of a trimer probably corresponds to an S1 region, or some part of it, as it contains the RBD, and the stalk probably corresponds to trimer-clustered S2, perhaps with contributions from parts of S1. Dissociation of S1 occurs spontaneously, and it can be accelerated by exposure to 1 M urea. In this diagram, we depict the clustered fusion peptides of the three subunits as an irregularly outlined region at one end of the rearranged S2 shaft and the regions between HR1 and HR2 of the subunits as three ovals at the other end.
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Like S-e monomers, S-e trimers are specifically cleaved by low concentrations of trypsin between their S1 and S2 regions, but the fragments of the cleaved trimer dissociate much more slowly than those of the cleaved monomer. S1 dissociates from either monomeric or trimeric cleaved S-e as a soluble monomer with the same properties, but the S2 from which it separates has very different behavior. S2 from cleaved trimers is soluble, resists degradation by high concentrations of trypsin, and spontaneously rearranges into 250-Å-long, dumbbellshaped rods that cluster at one end into rosettes. S2 from cleaved monomers aggregates and degrades upon exposure to high concentrations of protease. The properties of dissociated S1 and S2 suggest participation of S2, but not S1, in the tight contacts that mediate S-e trimerization.
The rearrangement and clustering of S2 resemble rosette formation by the influenza virus hemagglutinin (HA) fusogenic fragment (HA 2 ) after exposure to low pH and proteolytic degradation of the receptor-binding fragment (HA 1 ) (22) . Clustering of hydrophobic fusion peptides at one end of rearranged HA 2 trimers produces the rosettes. We propose that the same is true for the elongated, rearranged S2 trimers that form after the dissociation of S1. When peptides corresponding to HR1 (96 residues) and HR2 (39 residues) of MHV S2 are mixed together, they assemble into stable, 145-Å-long rod-like structures, as expected for 96-residue ␣-helical coiled coils (2) . Moreover, crystal structures of shorter fragments of MHV and SARS CoV S2 reveal a central three-chain coiled coil of HR1 peptides surrounded by three antiparallel segments of HR2 peptides (30, 31) . Thus, coronavirus S2, like other class I fusion proteins, contains a trimer of hairpins in its postfusion conformation. The length of the central rod in the dumbbell-shaped subunit of SARS coronavirus S2 rosettes (Fig. 2D) is about 150 Å, consistent with the length of the coiled-coil element. The globular region at the distal end may represent a trimer of folded structures formed by the ϳ170 residues between HR1 and HR2. Our electron micrographs do not reveal details of the substructures at the center of the rosettes, but they are likely to contain the hydrophobic fusion peptide.
How do the states of the soluble ectodomain, described here, relate to events during entry of the SARS coronavirus into cells? In the envelope of mature virions (authentic or pseudotyped), the SARS CoV S protein is intact (18, 19) . But trypsin treatment enhances fusion at neutral pH between Vero E6 and 293T cells expressing SARS CoV S protein (20, 21) , and trypsin, thermolysin, or elastase treatment of cell-bound pseudovirions overcomes inhibition by lysosomotropic agents such as ammonium chloride and enhances infectivity (17, 20) . Moreover, inhibitors of cathepsin L block SARS CoV infection (20) . Thus, a critical functional cleavage appears to occur in the endosome, and we propose that trypsin might carry out the same step at the cell surface after virions bind ACE2. Ebola virus infectivity also requires endosomal cathepsins (4). We suggest that the transitions from S-e trimer (Fig. 2B ) to cleaved trimer (Fig. 2C ) to rearranged S2 (Fig. 2D) correspond to the familiar conformational changes that class I viral fusion proteins undergo as they mediate viral entry. The S2 rosettes have all of the characteristics of the final, postfusion conformation, especially in view of the lengths of coronavirus S2 HR1/HR2 complexes by electron microscopy (2). As cleavage and S1 dissociation are necessary for this in vitro rearrangement, we propose that equivalent events occur during viral entry. The stability of the cleaved S-e trimer is not affected by a lowered pH (Fig. 5B) , suggesting that proton binding does not help trigger dissociation of S1.
The S proteins of all coronaviruses have extensive similarity, especially in their S2 regions, but there is clearly considerable diversity in the details of entry mechanisms. The receptorbinding specificities vary; the conformational consequences of receptor binding differ; and the timing of proteolytic cleavage relative to virus release, attachment, and internalization differs. For example, the MHV S protein is cleaved into S1 and S2 by furin during its transport through the trans-Golgi network (5) . It contacts the viral receptor, CEACAM1 (6, 26) , through a domain in S1 that lies N terminal to the one homologous to the SARS CoV RBD (12) . Receptor binding or exposure to pH 8 induces a conformational change in the MHV S2 domain, even if the furin cleavage site is removed (32) . Our data suggest that cleavage of the SARS CoV S protein-probably at the S1-S2 boundary-is necessary to achieve an extended conformation in S2. This difference is consistent with the reliance by SARS CoV, but not by MHV, on endosomal cathepsins to enter cells (9, 20) .
What is the significance of the SARS CoV S-e monomer and of its low-pH-induced transition to trimer? The role of a low pH in triggering trimerization of S-e in vitro is clearly distinct from the requirement that the virus pass through an acidified compartment during cell entry in order to facilitate cathepsin activity and cleavage (20) . Moreover, SARS CoV S appears already to be a trimer on virions (24) , and trimeric S-e in our micrographs resembles and the spikes seen in images of negatively stained coronavirus particles. Soluble ectodomains of other trimeric viral S proteins are often monomeric. For example, secreted recombinant influenza virus HA ectodomain and secreted human immunodeficiency virus gp140 (the ectodomain of gp160) are generally monomers (7), whereas membrane-anchored HA and gp160 are stable trimers, before and after cleavage. Thus, trimerization upon exposure to a low pH may simply be a useful biochemical property of secreted S-e. It may, however, be an indirect reflection of a functional conformational transition. For example, observations that trypsin cleavage enhances fusion and viral entry only after receptor binding (21) imply a role for a receptor-induced conformational change in S. Specific tryptic cleavage of the low-pHinduced S-e trimers at the S1-S2 boundary suggests that these trimers resemble receptor-bound spikes, at least in the way that they present themselves to trypsin. The monomer-trimer transition of S-e in vitro may therefore have some characteristics of the presumptive ACE2-induced conformational transition during viral infection in vivo.
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